Townsend, H. 2014. Comparing and coupling a water quality and a fisheries ecosystem model of the Chesapeake Bay for the exploratory assessment of resource management strategies.
Introduction
The Chesapeake Bay (CB), the largest estuary in North America, provides habitat and nursery grounds for a multitude of metazoans that support a $4 billion/year recreational and commercial fishing industry (Chesapeake Bay Program, 2004) . A 165 000 km 2 watershed, which stretches across New York, Pennsylvania, Maryland, Delaware, Virginia, West Virginia, and the District of Columbia, drains into the Bay through a vast system of tributaries and creeks. The freshwater from the tributaries and seawater from the coastal ocean mixes in the Bay to create and uphold expansive and diverse brackish habitats within the Bay. major effect on species in the Bay including blue crabs and oysters (Chesapeake Bay Program, 2004) . On the other hand, some levels of increased nutrients may have had a positive effect on the production of pelagic fish production (Nixon and Buckley, 2002; Breitburg et al., 2009) .
Over the past decade, many institutions and agencies have made calls for ecosystem-based management (EBM) of the marine and coastal resources (Pew Oceans Commission, 2003; U.S. Commission on Ocean Policy, 2004; Millennium Ecosystem Assessment, 2005) . The focus of EBM is on understanding the connections and linkages between ecosystem components and societal needs, evaluating the cumulative impact of anthropogenic stressors on ecosystems and the societal services they provide, and considering trade-offs among the multiple objectives and human uses of the ecosystem. The need for EBM in the CB has been recognized since the inception of the Chesapeake Bay Program, a multistate and federal government partnership to direct the restoration of the Bay (Chesapeake Agreement 1983, http://www.chesapeakebay.net/ content/publications/cbp_12512.pdf, and Chesapeake Agreement 1987, http://www.chesapeakebay.net/content/publications/cbp_ 12510.pdf). In recent years, the need to incorporate fisheries as an EBM goal has also been recognized by the program (Chesapeake Bay Fisheries Ecosystem Management Adoption Statement 2005, http://www.chesapeakebay.net/content/publications/ cbp_32659.pdf).
To accomplish the goals of EBM, Boesch (2006) highlights the need to improve the science to support EBM by: (i) orienting research to provide science-based management and restoration, (ii) integrating science and management more effectively, (iii) directing activities towards understanding and predicting outcomes of management, (iv) characterizing and quantifying uncertainty, and (v) integrating observations and modelling. Specifically for modelling, Boesch (2006) recommends that " [d] evelopment and comparisons of multiple models should be encouraged; exclusive reliance on complex, monolithic models should be avoided". Similarly, the Chesapeake Bay Fisheries Ecosystem Advisory Panel (2006) recommends the use of multiple models, model linkage, and comparisons. A recent report (STAC, 2005) recommends specific methods for completing such model integration.
This manuscript describes an initial effort to link a water quality model (WQM) to a fisheries trophic model of the CB to understand the connections between the biogeochemistry/water quality and fisheries production in this ecosystem. Both the models are designed for regular use in fisheries and water quality management and planning, respectively. The specific methods used herein were suggested in a recent report on model linkages (STAC, 2005) . The specific models used are the CB fisheries ecosystem model (FEM; Christensen et al., 2009) and the CB WQM . The integration of these models (i.e. model comparisons and coupling) provides insight as to the effects of top-down and bottom-up processes that regulate the Bay ecosystem. Comparative analysis of the models allows for some evaluation of the uncertainty in model outcomes that result from differing model structure. Broad indirect coupling allows connections between water quality and commercially and recreationally important species.
This modelling exercise was designed to illustrate how model coupling can be used to explore trade-offs that result from management decisions in one sector influencing ecosystem components managed in another sector. Given the current structure of both of these models, neither will capture the full suite of effects of eutrophication and nutrient reduction on commercially important fish species, so though both of these models are used for management purposes within the management sector they represent, they are not, as currently configured, suitable for cross-sector management of trade-offs.
Material and methods
The Chesapeake Bay FEM The FEM is a fisheries-oriented trophic network model for the Bay using a widely applied software package (Ecopath with Ecosim or EwE; Christensen et al., 2009) . Theory and calculation for the EwE modelling software have been thoroughly outlined and vetted elsewhere (Christensen and Walters, 2004) . The Ecopath module of the FEM uses the biomass estimations of 45 trophic groups representing the fisheries species of the Bay and their prey and predators to create a mass-balanced snapshot of the organisms and trophic linkages in the Bay as it may have looked like in 1950. This snapshot provides inputs for the simulation module (Ecosim) of the FEM . The 45 trophic groups represent either a single stocks or substocks or species groups that occupy similar foraging niches. The model includes the multistanza representation of the key commercially important species (striped bass, bluefish, weakfish, white perch, Atlantic menhaden, blue crab, and oyster) as well as single biomass pool groups of other commercially important species (American Eel, Atlantic Croaker, summer flounder, spot, alewife, American shad, black drum, catfish, and bivalves; Christensen et al., 2009) .
Ecopath module parameterization is based on satisfying two "master" equations for each model group: one for production and the other for consumption (Christensen and Walters, 2004) . The Ecosim module of the FEM provides a 53-year (1950 -2002) simulation that attempts to estimate the current status and dynamics of the Bay's fish species. This module can be used to simulate various management options for the CB by varying parameters over time to estimate potential ecosystem changes.
Input data for most trophic groups included in the model were based on advice from local experts at the CB Ecopath Workshop (Sellner et al., 2001) as well as journal articles with published local data. Other basic input parameter estimates are taken from peer-reviewed literature sources, tagging studies conducted in the CB by authors of the FEM Technical Memorandum , FishBase (http://www.fishbase.org), other models, and estimations made by Ecopath itself. The input data are summarized in Table 1 . The PREBAL methods outlined in Link (2010) were used to assess the model structure and data quality before mass balancing and dynamic simulations were performed. Revisions to achieve mass balancing are outlined in Christensen et al. (2009) .
The Ecosim module of the FEM is time dynamic and is used to simulate management policy scenarios. The Ecosim module requires extensive time-series data for calibration; in this case, timeseries data representing trends in relative biomass, fishing effort by gear type, fishing and total mortality rates, and catches from the period of 1950-2003 were used to drive and calibrate the simulation model. Time-series data used in the model are described in Christensen et al. (2009) .
In addition to time-series drivers (e.g. catch and fishing mortality data) in the FEM, the output from the CB regional estuarine ecology model (CBREEM; Ma et al., 2009 ) was used to force primary production rates for phytoplankton and benthic microalgae. The WQM output was not used for this purpose, because the WQM is limited to 10 years of output data, not for five 704 H. Townsend decades as covered in the FEM. The CBREEM uses historical data for climate, hydrology, and nutrient loading to estimate patterns in primary productivity for the CB. This model integrates information about the estuary's physical, chemical, and ecological processes into key indicators that environmental managers can use to predict temporal and spatial changes in the Bay. The CBREEM is a simple hydrographic model with two layers (deep and shallow), which uses monthly time-steps to simulate for 50+ years.
The Chesapeake Bay WQM
The WQM was developed to assess watershed factors that affect water quality and eutrophication in the Chesapeake. The WQM is a suite of three linked models: a watershed model, a hydrodynamic model, and an eutrophication model. They are three-dimensional models that simulate the hydrodynamics and biogeochemistry of the mainstem Bay and tidal tributaries. The hydrodynamic and eutrophication models share the same computational grid of 13 000 Comparing and coupling WQM and FEM of the CB model cells. The modelling suite is fully described in ; a brief summary of the model components is given below. The watershed module simulates the transport of land-based materials (e.g. nitrogen and sediments) into the estuary. The watershed model uses data on land use, fertilizer applications, wastewater plant discharges, septic systems, air deposition, farm animal populations, weather, and other variables to estimate the amount of nutrients and sediment reaching the CB and where these pollutants originate. The model uses 2000 segments (that delineate political and physical boundaries) to represent the 165 000 km 2 watershed.
The hydrodynamic model simulates water movement in the estuary and forces the flow of material in the eutrophication model. For this analysis, we used the 2002 version of the hydrodynamic model, which uses 13 000 grid cells to represent the mainstem Bay and major tributaries.
The eutrophication model simulates the fate of nutrients and sediments in the Bay, and the response of water quality through chemical and biological processes for 24 state variables: water temperature, salinity, microalgae, DO, micro-and mesozooplankton, dissolved organic carbon (C), labile and refractory particulate C, ammonium, nitrate -nitrite, dissolved organic nitrogen (N), labile and refractory particulate N, dissolved organic phosphorus (P), labile and refractory particulate P, phosphates, chemical oxygen demand, dissolved and particulate silica, and inorganic solids. It also simulates SAV and benthic organisms . This model has been employed as a tool to guide management, since the formation of the water quality targets in the Bay (e.g. .
Because improving water quality is considered to be the most essential component for protecting and restoring the CB (Gillmore et al., 2000) , the Chesapeake Bay Program was committed to achieving a 40% reduction by 2010 in controllable nutrient loads to the Bay (Baliles et al., 1987) . Specifically in 1992, it was committed to tributary-specific reduction strategies to achieve this overall reduction and agreed to stay at or below these nutrient loads once attained. The WQM has been employed as a tool to guide management with the water quality targets (e.g. .
Model comparisons and coupling
A STAC (2005) report recommended that "that a first and essential step toward model coupling EwE and WQM should be a comparative analysis of simulations for variables common to both models". Two sets of scenarios were run for model comparisons and coupling. For the purposes of this analysis, coupling refers to broad, indirect coupling, whereby the output of one model is used as a forcing function to drive a variable or variables in another model. The linkage between the models is unidirectional. Direct coupling would also be advantageous but would require programming changes to both models that was not feasible. Direct coupling refers to a bidirectional linkage of models where the output from one model is used as the input for a second model and the second model's output becomes the input for the first model in the next time-step.
In this study, the three goals of this study were (i) to generally compare the dynamics of the two models (FEM and WQM) in their baseline or calibration phases (i.e. with no water quality management strategies) by examining patterns in state variables common to both models, (ii) to compare how the two models respond to water quality management strategies by examining patterns in state variables common to both models with new nutrient loads associated with changes in water quality, and (iii) to couple the models and assess how water quality management strategies affect upper-trophic-level organisms. For goals 1 and 2 (i.e. model comparison), two water quality management scenarios run were: a calibration run (with a historical nutrient input for 1985-1994) and a combined tributaries strategy run (40% reduction in the nutrient input for [1985] [1986] [1987] [1988] [1989] [1990] [1991] [1992] [1993] [1994] . The combined tributary strategy is a what-if scenario, i.e. what would the result be on living resources if nutrients had been reduced by 40% during 1985-1994. For goal 3, variability in chlorophyll a observed in the WQM was used to create a forcing function on the phytoplankton group in the FEM to assess the potential implications of a water quality management strategy on upper-trophic-level species not modelled in the WQM (biomass of striped bass, Atlantic menhaden, blue crabs, and eastern oysters). The modelling exercises implemented in this study are summarized in Table 2 .
Both models have different units used for the living resources state variables. The WQM uses dry weight (kg C) as the unit of measure. The CB FEM uses wet weight biomass (metric tonnes km 22 ). In addition, unit conversion factors for living resources are very species-specific, so converting biomass estimates to the same unit was not feasible. To expedite model comparison and linkages, model outputs were converted from base units to relative measures.
For calibration runs, units were converted to annual mean relative to 1985 for display as the output variable:
where Var refers to the biomass estimate of a particular state variable, and the index 0 or i refers to the base year (1985) or subsequent years, respectively. This equation provides an estimate of temporal variability.
For the combined tributary strategy measures, units were compared with an annual mean relative to the calibration run estimate for the same year for display as the output variable:
where Var refers to the biomass estimate of a particular state variable, and the index trib or cal refers to the annual estimate from the tributary strategies run or the calibration run, respectively.
Model comparisons
To assess the difference between a FEM and a WQM in estimating the biomass of focal species, a comparative analysis was used. Table 3 lists the state variables common to both models that were compared.
For the comparative analysis of the calibration scenario, the WQM and FEM standard inputs Christensen et al., 2009) were not altered to provide a baseline for comparing the understanding of the effectiveness of nutrient reduction strategies. For the combined tributaries strategy, changes in land use practices were implemented in the watershed component of the WQM to achieve a 40% reduction in nutrient loads. For the FEM, to simulate a 40% reduction in nutrient loads, a direct correlation between nutrients and primary production was assumed; thus, the production to biomass ratios for primary producer groups were reduced by 40%.
Model coupling
The model coupling was applied to a calibration run and a combined tributary strategies run to understand the impacts of water quality management strategies on upper trophic levels, the STAC (2005) recommendation to employ "broad indirect coupling . . . using the 'confirmation scenarios' with WQM" was used. Specifically, it was recommended that "the EwE modeling team use these outputs from the water quality model to examine the responses of striped bass, blue fish, oysters, and other key species to large reductions in nutrient loading". To produce the tributary strategies-indirect coupling runs, the monthly relative change in chlorophyll a resulting from the combined tributary strategies was used as a forcing function to drive the phytoplankton biomass in the FEM. This broad, indirect coupling was used to assess the effects of water quality management on the biomass of striped bass, Atlantic menhaden, blue crabs, and eastern oysters.
Results

Comparative analysis of calibration runs
Both models have similar results for the calibration runs (Figure 1) , except for SAV and zooplankton. In general, SAV and zooplankton show greater temporal variability in the FEM when compared with the WQM. The comparison exercise was performed to compare the dynamics of the two models using common species/trophic groups as the state variables common to both. The coupling run was performed to incorporate variability in chlorophyll a observed in the WQM into the FEM to assess the potential implications of a water quality management strategy on upper-trophic-level species not modelled in the WQM. Figure 1 . Comparison of state variables for model calibration runs. The y-axis is the relative value of the state variable as described in Equation (1). State variables are named based on the WQM conventions (in Table 3 )-chlorophyll a (ChlA), DO, SAV, deposit feeders (Dpfeed), suspension-feeders (Susfeed), and zooplankton (Zooplnk).
Comparing and coupling WQM and FEM of the CB
Comparative analysis of tributary strategies runs
The relative change in chlorophyll a used for simulating the water quality tributary strategies is illustrated in Figure 2 . For the comparative analysis of the tributary strategies, both models had similar patterns but different magnitude of effects from N&P reduction (Figure 3 ). Both models showed decreased levels in phytoplankton (chlorophyll a). This decrease also resulted in neutral to negative change in the biomass of suspension-feeders, deposit feeders, and zooplankton. The WQM tended to produce negative change, whereas the FEM tended to produce slightly negative to neutral change. In the FEM, the negative effects of decreased production may be compensated for by similar negative effects on competitors and predators.
Indirect coupling: upper-trophic-level effects
The time-series (Figure 4) illustrates the upper-trophic-level biomass trends in a baseline scenario for the FEM. Model coupling illustrated a slight negative effect of combined tributary strategies on upper-trophic-level organisms ( Figure 5 ). This analysis does not take into account a possible switch in sub-foodweb predominance (i.e. detrital/benthic ↔ planktonic/pelagic), because the benthos is not thoroughly captured in either model. In addition, the FEM does not include other non-trophic interactions (e.g. the availability of SAV and oyster reefs as structural habitat for prey refuges).
Discussion
Comparative analysis of calibration runs
This comparison of models, as suggested by Boesch (2006) and the Chesapeake Bay Fisheries Ecosystem Advisory Panel (2006), illustrates that outputs for phytoplankton and benthic organisms (i.e. deposit and suspension-feeders) exhibit similar variability patterns, Figure 3 . Comparison of state variables for model tributary strategy runs. The y-axis is the relative value of the state variable as described in Equation (2). State variables are named based on the WQM conventions (in Table 3 )-chlorophyll a (ChlA), DO, SAV, deposit feeders (Dpfeed), suspension-feeders (Susfeed), and zooplankton (Zooplnk). 
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H. Townsend whereas SAV and zooplankton are much more variable in the FEM when compared with the WQM. The relative stability of deposit and suspension-feeders relative to the variability of the SAV and zooplankton is likely attributable to the stability of the detrital component of the benthic diet compared with the fluctuations in phytoplankton (Figure 1 ) in the foodweb of zooplankton. In addition, top-down drivers in the FEM are also variable due to fluctuations in fishing pressure in the upper trophic level. The primary finfish species in the FEM are planktonic feeders, and variability in their biomass, as a result of variability in fisheries harvest, would affect zooplankton more so than on the benthic organisms.
SAV estimates diverge widely in the 1994 estimates (Figure 2 ). In the Chesapeake region, rainfall levels in 1994 were much higher than normal. The divergent estimates are likely attributable to heavy rain falls at that time. The rainfall tends to increase sediment and nutrient run-off. This would result in light attenuation due to increased turbidity and microalgae. Increased microalgae are apparent for this period as well. The WQMs light attenuation that would affect SAV growth whereas the FEM does not.
For SAV, the WQM probably more accurately reflects the biomass dynamics than the FEM, because it models physical properties that effect primary producers on a much finer scale. Similarly for zooplankton, the WQM probably reflects dynamics more accurately as zooplankton is mostly driven by bottom-up effects.
Comparative analysis of tributary strategies runs
The comparison of tributary strategies allows for the evaluation of uncertainty in models and modelled management scenarios as recommended by Boesch (2006) . Specifically, this comparison enables accounting for uncertainty attributable to model structure (Peterman, 2004) . Different model structures seem to result in different outcomes of the effects of water quality management strategies on living resources. Interestingly, the FEM shows less of a negative effect on the biomass of the lower trophic level organisms than the WQM (Figure 3) , except SAV. The decreased negative effect of the tributary strategies in the FEM is likely due to the modulation of the decreased nutrients by upper-trophic-level interactions and fisheries. That is, the WQM uses quadratic closure terms for the primary consumers to account for densitydependent effects. This closure term would cause reduced nutrients to reduce the carrying capacity for these trophic groups, thus reducing their populations through density-dependent changes in their production rates. On the other hand, in the FEM, these groups would not have a fixed closure term. Instead any excess production of these groups is consumed by upper-trophic-level species. For these groups, a decrease in nitrogen transfers up the foodweb to higher trophic levels. Thus, any decreased biomass of these groups resulting from decreased nitrogen would be counterbalanced by a decrease in consumption by predators, resulting in relatively small changes in their biomass associated with reduced nitrogen. Comparing and coupling WQM and FEM of the CB Note that the divergence of SAV between the models in 1993/ 1994 ( Figure 3 ) is reversed when compared with the calibration run ( Figure 2) . This supports the notion that rainfall drives sediment and nutrient run-off, increasing turbidity and microalgae blooms. Under the tributary strategies, less nutrients are present so there is a decrease in microalgae in this period.
Indirect coupling: upper-trophic-level effects
The baseline FEM shows relatively stable patterns for Atlantic menhaden and blue crab, as well as a major increase in striped bass and an appreciable decrease in eastern oysters (Figure 4) . The striped bass increase and the oyster decrease may be attributable to other top-down (fishing) and external (disease) factors. The Atlantic coast striped bass stock was at a low during the early 1980s and increased with the implementation of a fishing moratorium in all the Atlantic coastal states (ASMFC, 1990) . The FEM captures changes in the striped bass population attributable to fishing pressure. Conversely, the Chesapeake oyster population has been on a significant decline for the past 50 years; this decline has been attributed to fishing and disease pressure (Rothschild et al., 1994) . The FEM captures changes in the oyster population attributable to fishing pressure but not disease.
The model linkages demonstrate some possible outcomes of the effects of water quality management plans on the upper-leveltrophic organisms of commercial and recreational interest. In the spirit of risk analysis, this sort of linkage is useful for pointing out potential outcomes that are unexpected or unintended (Levin et al., 2009) . The tributary strategies model linkages illustrate a decrease in the biomass production of the focal upper-trophic-level species ( Figure 5) relative to the calibration level. For the most part, the relative changes from the calibration level are fairly small but negative. As these species listed are of commercial and recreational interest, it is difficult to ascertain whether these changes are appreciable for resource management. Rodríguez et al. (2006) has suggested that to make judgements about ecosystem trade-offs, some additional economic analysis is required.
Though these results show such negative effects of nutrient reduction on fisheries, the non-trophic effects have not been captured in the FEM presented here. The EwE software allows the parameterization of habitat mediation functions that influence trophic interactions indirectly rather than through energy transfer. Ma et al. (2010) demonstrated that by using mediation functions in the FEM to capture non-trophic interactions (i.e. SAV as predator refuge for young-of-the-year blue crabs) increases in the production of upper-trophic-level organisms are possible.
Conclusions
Capturing bottom-up and top-down effects in models designed by experts from different disciplines (the FEM by ecologists and the WQM by engineers) for different resource management purposes (the FEM for management strategy evaluation and risk analysis of fisheries and the WQM for assessment of water quality regulation) Figure 5 . The FEM output for upper trophic levels in response to tributary strategies. The y-axis is the relative value of the state variable as described in Equation (2). The state variables are abbreviated as: resident striped bass (ResStrBass), adult Atlantic menhaden (AdMenh), adult blue crab (AdBlCrab), and eastern oyster age 1+ years (Oyster 1).
710
H. Townsend is a non-trivial but important task, if successful implementation of the EBM is to be achieved. Understanding the core trade-offs of management decisions for coastal resources requires and understanding of water quality, fisheries, and their interactions (Rodríguez et al., 2006) .
Other attempts at this type of model coupling for the CB have been made using the WQM and another version of the Chesapeake Ecopath module (Cerco et al., 2010) . Their approach provided some valuable insights, but did not allow the effects of fisheries management strategies to be adequately captured, due to the static nature of the Ecopath model. The approach described here did allow the simultaneous analysis of water quality and fisheries management strategies; however, broad indirect coupling and the use of relative measures, while useful for initial policy exploration, could be improved upon for the regular management strategy and trade-off analysis. Direct coupling of these models may also be feasible, but would require additional programming for a spatial FEM and aggregation of the WQM results to fit the FEM spatial scale. Other modelling options to allow the simultaneous assessment of water quality and fisheries management strategies have been developed (e.g. Atlantis; Fulton, 2004) and may be a better alternative to coupling models developed for distinct purposes and by distinct disciplines.
As the models are currently configured, it is not possible to use this sort of model coupling to evaluate cross-sector management trade-offs (i.e. the effect of water quality management on managed fish stocks). The primary issue is adequately capturing the biogeochemical processes that effect fish habitat (e.g. DO and SAV) and adequately capturing the effect of habitat changes on fish stocks. Although the WQM captures much of the biogeochemical processes and their effects on lower-trophic-level species, it does not adequately model the nutrient/energy/biomass transfer from lower to upper trophic levels and the concomitant influence of fisheries harvest on the trophic structure. Conversely, the FEM does not capture the changes in fish habitat on fish stocks, but it does capture the influence of harvest on trophic structure. The FEM can be modified using addition forcing and mediation functions (described in Christensen and Walters, 2004) . The FEM has previously been used to assess the effects of habitat change on Fisheries (Ma et al., 2010) . Additionally, Plummer et al. (2012) have used mediation functions to capture habitat effects on trophic flows and fisheries stock. The difficulty in both cases was in determining the strength of habitat on mediating trophic flows. Additional research to quantify habitat effects on trophic flows would be necessary for developing a linked modelling system for cross-sectoral management in the CB and likely in other coastal and estuarine systems.
